Experimental advances in the study of neuroglia signaling have been greatly accelerated by the generation of transgenic mouse models. In particular, an elegant manipulation that interferes with astrocyte vesicular release of gliotransmitters via overexpression of a dominant-negative domain of vesicular SNARE (dnSNARE) has led to documented astrocytic involvement in processes that were traditionally considered strictly neuronal, including the sleep-wake cycle, LTP, cognition, cortical slow waves, depression, and pain. A key premise leading to these conclusions was that expression of the dnSNARE was specific to astrocytes. Inconsistent with this premise, we report here widespread expression of the dnSNARE transgene in cortical neurons. We further demonstrate that the activity of cortical neurons is reversibly suppressed in dnSNARE mice. These findings highlight the need for independent validation of astrocytic functions identified in dnSNARE mice and thus question critical evidence that astrocytes contribute to neurotransmission through SNAREdependent vesicular release of gliotransmitters.
Introduction
A series of studies spanning the past decade has revealed that astrocytes participate in complex neural functions by actively modulating neuronal networks in an activity-dependent manner. Although nonelectrically excitable, a key feature of astrocytes is their ability to exhibit a form of excitation defined by transient increases in cytosolic calcium ions, which in turn initiates a cascade of signaling pathways thought to confer bidirectional feedback to synaptic transmission (Barres, 2008; Gourine and Kasparov, 2011) . A prevailing hypothesis is that astrocytes exert control of neural networks via the exocytic release of gliotransmitters (Agulhon et al., 2008; Araque et al., 2014; Volterra et al., 2014) ; however, evidence in support of this model remains inconclusive (Agulhon et al., 2008; Nedergaard and Verkhratsky, 2012; Sun et al., 2013 ).
An important step leading to many of the rapid advances in the field of neuroglia signaling was the generation of transgenic dominant-negative domain of vesicular SNARE (dnSNARE) mice, which were engineered to target astrocytic exocytosis by expression of a dominant-negative domain (cytosolic portion) of vesicular SNARE protein VAMP2 (vesicle-associated membrane protein 2)/synaptobrevin2 (Pascual et al., 2005) . In these mice, formation of the SNARE complex between vesicles and the plasma membrane is inhibited by the redundant expression of dnSNARE, which competes with endogenous VAMP2 . To achieve inducible and reversible temporal regulation of dnSNARE transgene expression, dnSNARE mice use the "Tet-Off" system, in which treatment with tetracycline or its analog doxycycline (Dox) turns gene expression "Off." Selectivity to astrocytes was obtained by driving transgene expression by the glial-fibrillary acidic protein (GFAP) promoter (Brenner et al., 1994) .
This transgenic mouse enabled studies showing that astrocytes control the threshold for induction of LTP in hippocampal slices (Pascual et al., 2005; Halassa et al., 2010) . Behavioral analysis of dnSNARE mice has further documented that astrocytes play a critical role in sleep pressure accumulation and the cognitive consequences of sleep loss (Halassa et al., 2009b; . Additional studies showed that inhibition of a SNAREdependent pathway in astrocytes protects against damage after stroke (Hines and Haydon, 2013) and modulates baseline mechanical nociception (Foley et al., 2011) as well as progressive development of temporal lobe epilepsy (Clasadonte et al., 2013) . This body of work has identified adenosine as the principle gliotransmitter by which astrocytes exert control of neural networks (Fellin et al., 2009) . However, these studies did not evaluate how inhibition of the SNARE complex in astrocytes affects the extracellular concentration of adenosine in vivo. Crucially, all of these observations depend on the premise that the specificity of the dnSNARE manipulation is limited to astrocytes. Expression of dnSNARE in neurons could have major impact on neural net-work activity because glutamatergic transmission critically depends upon the formation of the SNARE complex between synaptic vesicles and the presynaptic membrane (Tafoya et al., 2006) . Earlier work has shown that deletion of endogenous VAMP2 reduces fast Ca 2ϩ -triggered synaptic fusion events by Ͼ100-fold and is incompatible with survival (Schoch et al., 2001) , suggesting that even a minor disruption of neuronal vesicular release has the potential to suppress glutamatergic transmission.
In the present study, we assessed the cellular specificity of the dnSNARE transgene expression in dnSNARE mice. Our analysis showed that cortical neurons in this mouse model express the dnSNARE transgene, demonstrating for the first time that transgenic mice using inducible GFAP promoters can induce transgene expression in adult neurons. This observation extends prior reports documenting that transgenes controlled by the constitutive GFAP promoter can be found in neurons in nonconditional transgenic mice (Zhuo et al., 2001; Su et al., 2004) .
Materials and Methods
Animals, EEG collection, and microdialysis. Conditional reversible expression of dnSNARE, a dominant-negative domain of vesicular SNARE VAMP2/Synaptobrevin2 under the control of GFAP promoter was generated by crossing two transgenic lines: GFAP-tTA mice, which expresses the tetracycline transactivator under the control of GFAP promoter, and tetO-dnSNARE mice, which express three transgenes separately under the control of a tetO promoter: (1) dnSNARE, (2) EGFP, and (3) LacZ. Both transgenic mice lines were kindly shared by Dr. Ken McCarthy, University of North Carolina, Chapel Hill, NC (Pascual et al., 2005) . To prevent the developmental expression of dnSNARE, the mice were bred in the presence of Dox (Sigma-Aldrich) in drinking water (100 g/ml). Amber bottles were used to prevent light exposure. Three-to six-monthold double-positive mice for both GFAP-tTA and tetO-dnSNARE genes (dnSNARE mice) of either sex were used.
Surgical implantation of EEG electrodes over parietal cortex and the microdialysis guide cannula were performed under anesthesia (100 mg/kg ketamine, 10 mg/kg xylazine, i.p.) and aseptic conditions as described previously (Tian et al., 2005; Oberheim et al., 2008) . Custom platinum EEG electrodes (0.003 inch diameter; Plastics One) were inserted epidurally (1.5-2.0 mm posterior to bregma, 1.0 -3.0 mm lateral to midline). The lead sockets were attached to the screws and inserted in a three-hold plastic pedestal (MS333; Plastics One). A total of three leads were used, one for each hemisphere and one as a grounding electrode. Microdialysis probe tip (hippocampus, 2 mm; basal forebrain, 1 mm membrane length, BASi) was positioned at the following coordinates: hippocampus: anterior-posterior: Ϫ3.0 mm; medial-lateral: ϩ2.9 mm; dorsal-ventral: Ϫ3.1 mm from brain surface: basal forebrain: anteriorposterior: ϩ0.1 mm; medial-lateral: ϩ1.2 mm; dorsal-ventral: Ϫ5.5 mm from brain surface. The probe was equilibrated with artificial CSF containing the following (in mM): 150 NaCl, 4 KCl, 1 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 15 HEPES, pH 7.4, flow rate at 0.075 l/min for 24 h to obtain stable baseline of adenosine concentrations. All EEG recordings and microdialysates were collected in a room with a normal light-dark cycle (12/12, lights on at 6:00 A.M.) for up to 48 h after the postsurgery recovery period/habituation of 3 d. EEG was recorded using a low-and highpass filter of 0.3 and 100 Hz. Before each recording set, animals were given a 2 week period reversal of On-/Off-Dox. Animals underwent a total of 4 recording sets of 48 h with a 2 week rest period and exposure to the reverse condition (On-/Off-Dox) maximally. Power spectrum analysis of EEG data were collected using both Axoscope and Neuroscore (Wisor and Clegern, 2011; Wisor et al., 2011) . Using Clampfit, 6 h averaged spectra from artifact-free epochs were analyzed and broken down into delta (0 -4 Hz), theta (4 -8 Hz), alpha (8 -13 Hz), and beta (13) (14) (15) (16) (17) (18) (19) (20) . In addition, Neuroscore (DSI) allowed for accurate confirmation of delta wave activity. Total power was compared among all groups and an averaged power was obtained. Using a custom-made chamber that mimics gentle handling (Schmidt and Wisor, 2012), mice are subjected to sleep deprivation by a slowly rotating lever arm that prevents the animal from sleeping (Wisor et al., 2011) . The lever moved at a slow enough pace (5-6 rotations per minute) to minimize stress in the animals while fast enough to prevent sleep. Animals were sleep deprived for 6 h from 6:00 A.M. to noon and allowed sleep recovery from noon to 6:00 P.M. All animal procedures followed National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee of the University of Rochester.
Adenosine measurement. High-performance liquid chromatography (HPLC) analysis of purines in microdialysis samples was performed using CoulArray 5600A HPLC system (ESA) and a model 526 UV detector (ESA) as described previously (Goldman et al., 2010; . Chromatographic separation was achieved using a Lichrospher 100 RP-18e column (5 m, 250 mm ϫ 4 mm; Merck). For measurements of samples, we used the mobile phase, which consisted of 215 mM KH 2 PO 4 , 0.6 mM tetrabutylammonium bisulfate, 4.5% (v/v) acetonitrile (HPLC grade), and HPLC grade water, pH 6.8. The flow rate was maintained at 0.35 ml/min. Daily calibration curves were prepared by a four points standard (1, 0.5, 0.1, and 0.05 M) of adenosine in 0.4 M perchloric acid, respectively. Eluted purines were detected at 254 nm and the chromatographic peaks were integrated using CoulArray software.
Histology. The mice were deeply anesthetized with a mixture of ketamine/xylazine and perfused intracardially with ice-cold PBS followed by freshly prepared 4% paraformaldehyde in 0.1 M PB, pH 7.4. The brains were removed and immersed in the same fixative solution for 1 h. After cryoprotection in a series of 10%, 20%, and 30% sucrose, the tissues were frozen in methylbutane precooled in dry ice and stored at Ϫ80° (Nedergaard et al., 2002) . Twenty-micrometer-thick sagittal cryosections were prepared and labeled with chicken anti-Map2 (1:400; Abcam), mouse anti-VAMP2 (1:100; Synaptic Systems), or rabbit anti-NeuN (1:200; Millipore) antibodies. Secondary antibodies were DyLight 594-and 649-tagged goat or donkey secondary antibodies (each 1:400; Jackson ImmunoResearch). ␤-Galactosidase activity was detected using in situ ␤-galactosidase staining kit following the manufacturer's instructions (Agilent Technologies).
Transgenic mice expressing Ro1 under the control of GFAP promoter were generated by crossing the GFAP-tTA mouse line and the tetO-Ro1 mouse line (Sweger et al., 2007) . To examine Ro1 expression, brain sections from Ro1 mice under Off-Dox condition were probed with anti-FLAG (the epitope tag fused to Ro1) antibody.
Cell culture and immunocytochemistry. Primary neocortical astrocyte cultures were prepared from P0 -P2 C57BL/6 pups (The Jackson Laboratory) as described previously (Lin et al., 1998) . The dissociated cells were plated on culture flasks and maintained in DMEM/F12 containing 10% FBS, 100 IU/ml penicillin, and 100 g/ml streptomycin (5% CO 2 / 95% air, 37°C). The cells were subcultured on coverslips in 24 well plates for 5 d and fixed with 4% paraformaldehyde. Primary neocortical neurons were prepared from P0 -P2 C57BL/6 pups (The Jackson Laboratory) as previously reported by Brewer and Torricelli (2007) . The dissociated cells were plated on poly-D-lysine-coated coverslips in 24 well plates and maintained in NeurobasalA/B27 medium supplemented with 0.5 mM Glutamax, 5 ng/ml mouse FGF2, 0.1% bovine serum albumin, and 10 g/ml gentamycin for 8 d (5% CO 2 /95% air, 37°C).
For immunocytochemistry, cultured astrocytes or neurons were fixed with 4% paraformaldehyde in 0.1 M PB, pH 7.4, for 10 min and washed in PBS. The fixed cells were blocked with 10% normal goat serum and permeabilized with 0.1% saponin. The following primary antibodies were used: rabbit anti-GFAP (1:300; DAKO), mouse anti-Vamp2 (1:200; Synaptic Systems), chicken anti-Map2 (1:500; Abcam). Secondary antibodies were DyLight 488-, 594-, and 649-tagged goat or donkey secondary antibodies (each 1:400; Jackson ImmunoResearch).
Dissociation of brain tissue followed by FACS and immunocytochemistry. Dissociation of mouse cortical tissue was performed as described previously (Brewer and Torricelli, 2007) with minor modifications. Eightday-old C57BL/6 or dnSNARE mice under Off-Dox condition for 5 d were anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine intraperitoneally and perfused with ice-cold Hanks buffer. The brain was immediately removed and the dissected cortex was cut into small pieces, which were digested with 5 U/ml papain in Ca 2ϩ -free HibernateA con-taining 0.5 mM Glutamax for 30 min in a water bath at 30°C. After transferring the tissue to HibernateA containing B27 and Glutamax (HABG), the tissue was carefully triturated and centrifuged over an OptiPrep density gradient. Neurons were enriched and separated from myelin debris using a density gradient of OptiPrep as described previously (Brewer and Torricelli, 2007) before FACS. After centrifugation of the cell suspension with the gradient, Fraction 2 (neurons and other cells) and Fraction 3 (neurons) were used to maximize the yield of neurons. After washing with HABG, cells were collected in NeurobasalA/B27 media, which is supplemented with 0.5 mM Glutamax, 10 g/ml gentamycin, and 5 ng/ml mouse FGFb, and labeled with mouse antipolysialylated-neural cell adhesion molecule (PSA-NCAM, 1:100; Millipore) or mouse IgM control followed by labeling with secondary goat anti-mouse allophycocyanin (APC, 1:200; Jackson ImmunoResearch). Cells were resuspended in cold NeurobasalA/B27 media containing 4Ј,6-diamidino-2-phenylindole (DAPI, 5-10 M) to discriminate dead cells. Cells were sorted using FACS as described previously (Sun et al., 2013) . APC was excited by a 633 nm laser and emissions were collected by a 660/20 nm bandpass filter. DAPI was excited by a 407 nm laser and emissions were collected by a 450/40 bandpass filter. Single cells were discriminated using pulse width and height measurements and dead cells were excluded based on positive DAPI signal. PSA-NCAM ϩ and PSA-NCAM Ϫ cells were sorted into cold NeurobasalA/B27 media. For examination of sorted cell pools by immunocytochemistry and cell counting, FACS-isolated cells were plated in poly-D-lysine-coated 8-well chamber and fixed with 4% paraformaldehyde as soon as adherent (ϳ10 -20 min). The cells were labeled with mouse anti-NeuN (1:500; Millipore) and rabbit anti-AQP4 (1:500; Millipore), followed by labeling with secondary antibodies. For quantitative analysis of purity in PSA-NCAM ϩ population, number of cells labeled with Aqp4 in the images (field of view 1272.8 ϫ 1272.8 m, 1.24 m/pixel) was counted using the ITCN plugin (Center for Bio-image Informatics at UC Santa Barbara) with ImageJ software with the parameters: width of 6 pixels, minimum distance of 18 pixels, and threshold of 3. Number of DAPI signals in the same images was counted with the parameters: width of 5 pixels, minimum distance of 8 pixels, and threshold of 2.5 and used as a total cell number to calculate the averaged percentage of astrocytes in the population (n ϭ 4 field of view).
Adult cortical neurons were isolated from 2-to 5-month-old dn-SNARE mice under On-Dox or Off-Dox condition (2 weeks after removal of Dox) using the density gradient of OptiPrep, similar to collections of young cortical neurons described above. Although the majority of myelin and cellular debris can be eliminated by removal of the top 6 ml after centrifugation, Fraction 2 also contains some cellular debris. Therefore, only Fraction 3 was collected, resulting in high enrichment of neurons and shortening the sorting time. The dissociated cells were labeled with mouse anti-Neural cell adhesion molecule-1 APC (1: 50; R&D Systems) or Rat IgG2A APC control (1:50; R&D Systems). Cells resuspended in cold NeurobasalA/B27 media containing DAPI were sorted as described above.
RNA processing and quantitative PCR. After FACS, total RNA was immediately extracted from cells using either the RNeasy Micro kit or RNeasy Mini kit (Qiagen). Cortical tissue samples were collected from dnSNARE Off-Dox, On-Dox, GFAP-tTA-negative, and C57BL/6J wildtype mice and were prepared using TRIzol RNA isolation method (Life Technologies) with the RNeasy Micro kit for purification. RNA quantity was assessed using the NanoDrop-1000, and RNA integrity was assessed using the 2100-Bioanalyzer. Total RNA was reverse transcribed using Ovation Pico/PicoSL WTA System V2 (NuGEN). Relative quantity of transcripts was assessed using SYBR Green Dye-Based Gene Expression Assays or TaqMan Gene Expression Assays and the 7000 Sequence Detection System. The expression of dnSNARE transgene was detected with primers encoding a product spanning the rattus norvegicus Vamp2-Mus musculus transthyretin junction to distinguish dnSNARE transgene from endogenous Vamp2 gene (forward 5Ј-CAAGCGCAAATACTGGTG-GAAAA-3Ј and reverse primer 5Ј-ACTTTGACCATCAGAGGACATT-3Ј). The expression of tTA gene was detected with primers (forward 5Ј-CAAGAGCATCAAGTCGCTA-3Ј and reverse primer 5Ј-CTCTG-CACCTTGGTGATC-3Ј) and FAM-labeled probe (5Ј-CACCTAC-TACTGATAGTATGCCG-3Ј; Barton et al., 2002) . 18S RNA served as an internal control that all samples were normalized to before calculating relative expression.
Results

Removal of Dox reversibly suppresses cortical EEG signal in dnSNARE mice
In the "Tet-Off" tetracycline-controlled transcriptional activation system, the tetracycline transactivator (tTA) protein binds to the tetracycline operator (tetO) and drives expression of downstream genes in the absence of Dox (Off-Dox, turning on gene expression, Fig. 1A ). In dnSNARE transgenic mice, the GFAP promoter controls the expression of tTA, whereas tetO drives expression of dnSNARE. Vesicular fusion is therefore inhibited in GFAP-expressing cells under the Off-Dox condition, but inhibition of vesicular fusion by dnSNARE can be blocked reversibly by administration of Dox (On-Dox, turning off gene expression, Fig. 1A ). Dox was administered before gestation and during rearing of dnSNARE mice to prevent transcription of dnSNARE during development (Pascual et al., 2005) . We first assessed the effect of dnSNARE expression on cortical neural activity. Epidural EEG electrodes were implanted over the right parietal cortex in adult dnSNARE mice.
A sharp reduction in EEG power was noted 2 weeks after discontinuing Dox treatment (Off-Dox). Dox was next administered for 2 weeks and a second EEG recording was obtained (On-Dox), resulting in recovery of EEG power. Continuing alternation between On-Dox and Off-Dox conditions consistently reversed the EEG power ( Fig. 1 B, C) .
Neuronal expression of dnSNARE and 2 reporter transgenes in dnSNARE mice
The striking suppression of EEG power in the Off-Dox condition may reflect dnSNARE expression in neuronal populations and direct interference with vesicle-mediated synaptic transmission or alternatively, indirect modulation via gliotransmission. We therefore tested whether the "Tet-Off" system under the control of GFAP promoter drives dnSNARE expression in neurons in dnSNARE mice. Assessment of the specificity of dnSNARE expression was accomplished by neuronal harvesting using a density gradient-based dissociation method (Brewer and Torricelli, 2007) and FACS ( Fig. 2A) . Cortical tissue was harvested from dnSNARE or C57BL/6 mice pups and the dissociated cells were tagged with an antibody against PSA-NCAM (Seki, 2002; Gomez-Climent et al., 2011; Barker et al., 2012) . Two distinct populations of cells, PSA-NCAM ϩ (neurons) and PSA-NCAM Ϫ (other cell types), were isolated. The relative enrichment of neuronal markers in PSA-NCAM ϩ population was evaluated by both quantitative real-time fluorescence PCR (qPCR) and immunostaining ( Fig. 2 B, C) . Astrocyte cell number, which was quantified based on Aqp4 ϩ staining, was 1.31 Ϯ 0.29% (n ϭ 4) in the PSA-NCAM ϩ population. In dnSNARE transgenic mice, the GFAP promoter controls the expression of two reporters (LacZ and EGFP) as well as dnSNARE ( Fig. 2A) . Surprisingly, PSA-NCAM ϩ cells showed expression of dnSNARE, LacZ and EGFP transgenes. Therefore, expression of the dnSNARE transgene is not restricted to astrocytes but includes neuronal populations. Similar pools of cells harvested from wild-type C57BL/6 (WT) mice exhibited no expression of dnSNARE, LacZ and EGFP transgenes in either PSA-NCAM ϩ or PSA-NCAM Ϫ populations (Fig.  2D) . Expression of tTA gene was observed in both neuronal and glial populations in dnSNARE mice, whereas WT showed no expression (Fig. 2E) .
It is generally acknowledged that GFAP expression and its promoter activity is comparatively low in astrocytes located in cerebral cortex unlike spinal cord (Palfreyman et al., 1979; Jany et al., 2013) , so it is unclear whether GFAP promoter activity is sufficient to induce dnSNARE transgene expression in adult cerebral cortex. Therefore, we next collected cortices from adult dnSNARE mice in either the On-Dox or Off-Dox condition and compared the expression levels of dnSNARE transgene. Compared with the On-Dox group, the Off-Dox group showed higher dnSNARE expression (Fig. 2F ) . Expression of both LacZ and EGFP genes were higher in the Off-Dox group than those in the On-Dox group. To further define whether neurons express dn-SNARE transgene, cortical neurons were isolated from adult dn-SNARE mice under On-Dox or Off-Dox conditions. Enrichment of neuronal marker gene relative to tissue was confirmed by qPCR analysis (Fig. 2G) . Importantly, neuronal expression of dnSNARE transgene was also observed in adult dnSNARE mice and dnSNARE expression was higher in Off-Dox neurons than that in On-Dox neurons (Fig. 2H ). These results demonstrate that cortical neurons express dnSNARE in presence of Dox, but that the dnSNARE expression is increased after removal of Dox in dnSNARE mice. Therefore, the "Tet-Off" system under the control of the GFAP promoter regulates dnSNARE expression in cortical neurons in dnSNARE mice.
Widespread neuronal expression of EGFP and ␤-gal in dnSNARE mice
Immunohistochemical analysis in cerebral cortex confirmed that VAMP2 primarily colocalized with the neuronal marker microtubule associated protein 2 (MAP2; Fig. 3A ). VAMP2 is mainly present in the presynaptic membrane or in dendrites and is thereby diffusely distributed in the neuropil. Immunostaining of cell cultures showed that MAP2-positive WT cortical neurons displayed intense VAMP2 labeling, whereas VAMP2 labeling in cultured cortical GFAP-positive WT astrocytes was low or absent (Fig. 3B) . Therefore, this analysis confirmed that endogenous VAMP2, which mediates SNARE-dependent vesicular transmitter release, is highly enriched in neurons and expressed at much lower levels in astrocytes.
We next investigated whether the GFAP promoter drives the expression of the two reporter proteins EGFP and ␤-galactosidase (␤-gal) in dnSNARE mice. Strong EGFP expression was observed in dnSNARE mice under Off-Dox condition (Fig. 3C ), which colocalized with GFAP-positive astrocytes in accordance with previous studies (Fellin et al., 2009; Halassa et al., 2009b) . A low to moderate level of EGFP expression was also observed ubiquitously across most NeuN-positive neurons in cortex and hippocampus (Fig. 3C) . EGFP expression was suppressed in dnSNARE mice under the On-Dox condition, but still remained as a broad, unspecific pattern of signals compared with WT mice, in which EGFP signal was absent. Surprisingly, GFAP-tTA negative mice, which lack GFAP-tTA gene but are positive for the tetO-dnSNARE gene, also showed similar EGFP expression (Fig.  3C) , suggesting basal leakiness of the EGFP that is not under control of the promoter. We next detected the ␤-gal activity using X-gal staining. NeuN-positive neurons in both cortex and hippocampus were also positive for ␤-gal in dnSNARE mice under the Off-Dox condition (Fig. 3D) . WT mice were uniformly ␤-gal negative (Fig. 3D) . Importantly, qPCR analysis of cortical tissue samples demonstrated that all 3 transgenes (dnSNARE, LacZ, and EGFP) were highly expressed in GFAP-tTA-negative mice, which are not supposed to express any transgene due to the lack of tTA (Fig. 3E) . Similar unspecific leaky expressions of transgenes were also observed in On-Dox dnSNARE group (Fig. 3E) . The 3 transgenes operate separately from one another, resulting in independent expression levels. Therefore, it was important to analyze each transgene separately. These analyses show the basal leakiness of "Tet-Off" system and that GFAP promoter drives transgene expression in neurons in dnSNARE mice. Therefore, direct suppression of neurotransmission via dnSNARE expressed in neurons might be responsible for the suppression of EEG signal during the Off-Dox condition.
To broaden our findings, we next investigated whether the GFAP promoter induces neuronal transgene expression in other Figure 1 . Induction of dnSNARE by removal of doxycycline suppresses cortical EEG power reversibly in dnSNARE mice. A, Schematic outlining the tTA system used in dnSNARE mice. Dox administration via drinking water prevents transcription activation. Removal of Dox induces redundant expression of dnSNARE, which is a cytosolic portion (lacking transmembrane region) of vesicular SNARE (v-SNARE) and thus formation of the SNARE complex between vesicles expressing v-SNARE and the plasma membrane expressing target SNARE (t-SNARE) is inhibited. DnSNARE mice that are positive for both transactivator (GFAP-tTA) and tet operators (tetOdnSNARE) were treated with (On-Dox) or without (Off-Dox) Dox for 2 weeks before each EEG collection. B, Top, Representative EEG trace collected from a dnSNARE mouse under On-Dox or Off-Dox condition. Bottom, Representative EEG power showing a reversible decrease in EEG power during Off-Dox periods in dnSNARE mouse. C, Quantification of EEG power in dnSNARE mice under On-Dox or Off-Dox condition. DnSNARE mice during On-Dox periods showed significantly higher EEG power compared with those during Off-Dox periods. One-way ANOVA with post hoc Tukey-Kramer test (n ϭ 4, first Off-Dox; n ϭ 5, first On-Dox and second Off-Dox; n ϭ 3, second On-Dox). Error bars indicate SEM. transgenic mice. We used a transgenic mouse line that expresses the Gi-coupled RASSL (receptor activated solely by synthetic ligand) Ro1 under the control of GFAP promoter using the "TetOff" system. Immunostaining of brain sections prepared from double-positive mice for both GFAP-tTA and tetO-Ro1 genes showed extensive neuronal expression of Ro1 in cortex and hippocampus (Fig. 3F ) . These results suggest that the lack of specificity of the GFAP promoter is not exclusive to dnSNARE mice.
Normal sleep-wake cycle in dnSNARE mice
The sleep-wake cycle is tightly regulated at the synaptic and cellular level (e.g., by transmitter release and cellular metabolic reserves) and is essential for basal brain functions such as memory consolidation and integration (Tononi and Cirelli, 2014) and glymphatic clearance (Xie et al., 2013) . The sleep homeostatic factor adenosine was first shown to modulate sleep eight decades ago (Drury and Szent-Gyorgyi, 1929 Fig. 4A ). Power spectrum analysis showed that, although the amplitude of the EEG signal was reduced in Off-Dox condition (Fig. 4B) , both On-Dox and Off-Dox dnSNARE mice exhibited a normal sleep-wake cycle (Fig. 4C) . Therefore, aside from the amplitude of the EEG signal, no significant change in sleep amount or quality was noted between the On-Dox and Off-Dox dnSNARE mice. During the transition to the light phase, the power of slow waves (delta waves) increased by 20.78 Ϯ 14.01% and 16.14 Ϯ 7.96% in On- Bottom, Under Off-Dox condition, human GFAP promoter drives the expression of 3 reporter units, dnSNARE, LacZ, and EGFP, in dnSNARE mice. B, qPCR analysis of markers expression in purified mouse PSA-NCAM ϩ population. Neuronal markers; RNA binding protein fox-1 homolog 3 (Rbfox3), Tubulin, beta 3 (Tubb3), Neurofilament, light polypeptide (Nefl ), Neurofilament, medium polypeptide (Nefm), Glutamic acid decarboxylase 1 (Gad1), Glutamic acid decarboxylase 2 (Gad2), Choline acetyltransferase (Chat) and Solute carrier family 6, member 4 (Slc6a4 ). Astrocyte markers; Aquaporin 4 (Aqp4 ), Glial fibrillary acidic protein (Gfap), Excitatory amino acid transporter 2 (Slc1a2) and aldehyde dehydrogenase family 1, member L1 (Aldh1l1). Oligodendrocyte precursor marker, platelet derived growth factor receptor, ␣ polypeptide (Pdgfra). Oligodendrocyte marker, myelin basic protein (Mbp). Microglial marker, Integrin ␣ M (Itgam). n ϭ 7 biological replicates. C, Immunolabeling analysis of neuronal marker expression in purified mouse PSA-NCAM ϩ population. Neuronal marker NeuN is highly enriched in cortical PSA-NCAM ϩ populations compared with PSA-NCAM Ϫ populations in which the astrocyte marker Aqp4 is highly expressed. Scale bar, 100 m. D, qPCR analysis of PSA-NCAM ϩ and PSA-NCAM Ϫ populations showed neuronal expression of dnSNARE and reporter transgenes (LacZ and EGFP) in dnSNARE mice (n ϭ 4 biological samples) and no expression in both populations isolated from WT mice (n ϭ 3 biological samples). E, Expression of the tTA transgene in PSA-NCAM ϩ and PSA-NCAM Ϫ populations in dnSNARE mice but not in WT mice (n ϭ 4 each). F, Relative expression of transgenes (dnSNARE, LacZ, and EGFP) in cerebral cortex in adult Off-Dox dnSNARE mice compared with On-Dox condition (n ϭ 4). G, Enrichment of neuronal marker gene Rbfox3 expression in neurons isolated from adult dnSNARE mice compared with tissue (n ϭ 3). H, Neuronal expression of transgenes (dnSNARE, LacZ, and EGFP) in adult dnSNARE mice under Off-Dox condition compared with On-Dox condition (n ϭ 3). Error bars indicate SEM in B and D-H.
Dox and Off-Dox dnSNARE animals, respectively. Concomitantly, a decrease in fast activity (alpha and beta waves) was noted in both the On-Dox and Off-Dox groups, consistent with the fact that mice are nocturnal and mostly sleep during the day (Fig. 4C) . Red arrows indicate VAMP2-and MAP2-expressing cells. Scale bar, 100 m. C, Neuronal EGFP expression in cortex and hippocampus. Unstained sagittal sections of dnSNARE Off-Dox, On-Dox, GFAP-tTA negative and wild-type C57BL/6J (WT) mice. Although scattered bright EGFP signals indicate a bushy astrocyte appearance in hippocampus and to a minor extend in cortex, NeuN-positive neurons (purple) also exhibit low to moderate level of EGFP expression throughout cortex and hippocampus in dnSNARE mice under the Off-Dox condition. EGFP expression is suppressed in On-Dox dnSNARE mice compared with that in the Off-Dox condition, but broad basal expression was observed. EGFP expression was also found in GFAP-tTA negative mice but was absent in WT mice. Insets are magnified images. Scale bars, 200 m (main images); 40 m (insets). D, X-gal staining (blue) and NeuN immunohistochemistry (brown) shows that several neurons express ␤-galactosidase (␤-gal) in both cortex and hippocampus in dnSNARE Off-Dox mice. No ␤-gal positive cells were evident in WT mice. Scale bar, 100 m. E, qPCR analysis of transgenes expressions (dnSNARE, LacZ, and EGFP) in cerebral cortex showing the leaky expressions of all 3 transgenes in adult GFAP-tTA-negative mice (n ϭ 4, one-way ANOVA followed by Tukey-Kramer test). Error bars indicate SEM. F, GFAP promoter induces neuronal expression of Gi-coupled RASSL (receptor activated solely by synthetic ligand) Ro1. Representative images collected from a double-transgenic mice line that expresses Ro1 under the control of GFAP promoter using "Tet-Off" system. Ro1 expression was examined in brain sections prepared from Ro1 mice by immunostaining against FLAG (the epitope tag fused to Ro1). Majority of neurons express FLAG in both cortex and hippocampus. Scale bar, 50 m.
Adenosine was consistently higher during the dark phase, when the mice were awake and physically active, in both the WT and Off-Dox dnSNARE groups. Conversely, adenosine was significantly lower during the light phase when the mice are mostly sleeping in both WT and dnSNARE mice under Off-Dox conditions. A similar pattern of changes in adenosine was noted during the sleep-wake cycle in hippocampus, although the adenosine concentration tended to be slightly higher in hippocampus (Fig.  4D) . However, adenosine concentrations in WT and Off-Dox dnSNARE mice were almost identical in basal forebrain and in hippocampus, in which GFAP promoter is highly active in astrocytes and thus sufficient inhibition of SNARE-dependent gliotransmitter release is expected. Because the basal leaky expression of transgenes (dnSNARE, LacZ, and EGFP) was observed in OnDox dnSNARE mice (Fig. 3E) , we also collected microdialysates from On-Dox dnSNARE mice. Notably, no differences in the extracellular concentration of adenosine in hippocampus were observed during the dark phase in Off-Dox and On-Dox dn-SNARE mice compared with WT mice (n ϭ 5-10; Off-Dox, 78.3 Ϯ 5.95; On-Dox, 82.2 Ϯ 14.43; WT, 84.0 Ϯ 9.87 nM; p Ͼ 0.05, one-way ANOVA). Therefore, this analysis shows that sleep-wake rhythmic changes in extracellular concentration of adenosine are not controlled by expression of dnSNARE under the GFAP promoter.
Previous studies have shown that accumulation of sleep pressure, assessed as the relative power of slow-wave activity during rebound sleep period subsequent to sleep deprivation, is reduced in dnSNARE mice and thus might be mediated by an inhibition of SNARE-dependent adenosine release from astrocytes (Halassa et al., 2009b) . To assess this finding, we monitored adenosine concentrations during the normal sleep-wake cycle, followed by 6 h of sleep deprivation and subsequent recovery sleep. The extracellular concentration of adenosine in Off-Dox dnSNARE mice did not differ from WT mice in either basal forebrain or hippocampus. In fact, the extracellular concentration of adenosine during the normal sleep-wake cycle, during sleep deprivation, and during recovery sleep in dnSNARE mice under Off-Dox condition closely mimicked previous observations in wild-type animals ( and Off-Dox dnSNARE mice during the dark phase or light phase in basal forebrain (top, WT, n ϭ 7; Off-Dox dnSNARE, n ϭ 9) or in hippocampus (bottom, WT, n ϭ 9; Off-Dox dnSNARE, n ϭ 6; p Ͼ 0.05, Student's t test compared with WT). E, Adenosine measurements over 48 h in microdialysates collected before, during and after sleep deprivation from basal forebrain (top) and hippocampus (bottom) in WT (basal forebrain, n ϭ 5; hippocampus, n ϭ 7) and in Off-Dox dnSNARE mice (basal forebrain, n ϭ 6; hippocampus, n ϭ 4). F, Adenosine concentrations during sleep deprivation and subsequent recovery sleep periods. No significant difference in adenosine concentrations was observed between WT and Off-Dox dnSNARE mice in either basal forebrain (top left, sleep deprivation period; top right, recovery sleep period; n ϭ 5-6) or hippocampus (bottom left, sleep deprivation period; bottom right, recovery sleep period; n ϭ 5-8). Error bars indicate SEM in B and D-F. n.s., Not significant.
icantly increased the extracellular adenosine concentration compared with WT mice without sleep deprivation in both basal forebrain (n ϭ 5-7, p ϭ 0.036, t test compared with 6:00 A.M. to ϳ12:00 P.M. in the undisturbed condition) and hippocampus (n ϭ 7-9, p ϭ 0.028, t test). Similarly, sleep-deprivation-induced adenosine increase was also observed in Off-Dox dnSNARE mice in both basal forebrain (n ϭ 6 -9, p ϭ 0.033, t test compared with 6:00 A.M. to ϳ12:00 P.M. in the undisturbed condition) and hippocampus (n ϭ 8 -9, p ϭ 0.031, t test). No difference in adenosine concentration was observed between WT and Off-Dox dn-SNARE mice during sleep deprivation and subsequent rebound sleep periods (Fig. 4F ) . Therefore, direct measurements of adenosine in the basal forebrain and hippocampus provided no support to the idea that adenosine signaling differs in Off-Dox dnSNARE mice.
Discussion
This study shows that the GFAP promoter drives inducible expression of dnSNARE and 2 reporter transgenes not only in astrocytes, but also in neuronal populations in cerebral cortex of adult mice (Figs. 2 and 3 ). Bigenic dnSNARE mice are generated by crossing GFAP-tTA mice with tetO-dnSNARE mice. In the absence of Dox, SNARE-dependent vesicular release is inhibited in dnSNARE mice by expression of a dominant-negative domain of vesicular SNARE, VAMP2/synaptobrevin 2 (Pascual et al., 2005) . Global deletion of VAMP2 potently suppresses synaptic transmission and is lethal in embryonic stages because the SNARE complex is essential for membrane insertion of synaptic vesicles in forebrain neurons (Schoch et al., 2001 ). We here found that cortical EEG was reversibly controlled by administration of Dox in dnSNARE mice (Fig. 1) . When Dox was present, the binding affinity of tTA to tetO is reduced (Takahashi et al., 1986) and therefore transcription of the dnSNARE transgene is suppressed, resulting in normal EEG power. However, removal of Dox induces the transcription of dnSNARE and suppression of the EEG signal amplitude. Our observation is a direct extension of earlier work showing that the constitutive GFAP promoter drives transgene expression in multiple neuronal populations when active during development (Zhuo et al., 2001; Su et al., 2004) and revalidating the importance of detailed analysis of cell specificity (Barres, 2003) . The GFAP-tTA line uses the same human GFAP promoter (gfa2) that Brenner's group originally created (Brenner et al., 1994) and later showed to be leaky when constitutively expressed because it drives transgene expression in neurons in nonconditional transgenic mice (Zhuo et al., 2001; Su et al., 2004) .
Our finding has implications for a number of interrelated topics, including neuroglia signaling, sleep-wake cycle, and synaptic plasticity because previous analyses of dnSNARE transgenic mice have suggested that astrocytes participate in these complex neural processes by regulation of extracellular adenosine (Halassa et al., 2009b) . Adenosine is a largely inhibitory neuromodulator that plays a neuroprotective role in several pathophysiological conditions, including seizure, ischemic stroke, chronic pain, and traumatic brain injury (Chen et al., 1999; Fredholm et al., 2005; Chen et al., 2007; Boison, 2008; Boison et al., 2010; Goldman et al., 2010; Boison, 2012) . Based on our observations reported here, it is important that properties of astrocytes and their possible roles in neural processes (Pascual et al., 2005; Fellin et al., 2009; Halassa et al., 2009a; Halassa et al., 2009b; Halassa et al., 2010; Deng et al., 2011 Kawamata et al., 2014; Lalo et al., 2014) be reassessed using an approach that does not depend on the GFAP promoter. Herein, we limit the analysis to explore the postulate that dnSNARE regulates the extracellular concentration of adenosine (Fig. 4) , but failed to confirm the existence of a SNARE-dependent mechanism controlling adenosine. What, then, could account for the reduced sleep pressure observed in Off-Dox dnSNARE mice? One possibility is that the profound suppression of synaptic transmission in Off-Dox dnSNARE mice directly reduces sleep pressure. Other more complex mechanisms may involve changes in neuromodulator-mediated regulation of the sleep-wake cycle. In addition to the importance of VAMP2 in glutamatergic and GABAergic transmission, prior studies have implicated VAMP2 in neuromodulator release (Yang et al., 2007) .
Several prior studies used adenosine biosensors to record the extracellular concentration of adenosine in acute slices prepared from dnSNARE mice and reported that dnSNARE expression reduces the extracellular adenosine concentration (Blutstein et al., 2012; . In this regard, it is important to note that our in vivo measurement detected adenosine concentration in the range of 40 -100 nM consistent with the reports of 60 -120 nM (Strecker et al., 2000) and 40 -140 nM in rats (MurilloRodriguez et al., 2004) and 10 -40 nM in humans (Zeitzer et al., 2006) . In contrast, adenosine concentrations of 600 -3200 nM were recorded at the surface of acute vibratome slices with adenosine biosensors . These concentrations are 6-to 80-fold higher than the extracellular adenosine concentration in vivo. The higher adenosine concentration ex vivo may reflect that preparation of vibratome sections or acute insertion of adenosine biosensors into the tissue triggers a dramatic rise in the extracellular adenosine concentration and that one or several steps in the purine metabolism are sensitive to dnSNARE expression. Adenosine increases from a baseline concentration of 130 nM to 1200 nM during ischemia (Melani et al., 2012) and to a peak of 8340 nM in a model of experimental traumatic brain injury (Bell et al., 1998) . Because vibratome sections have been exposed to both global ischemia (decapitation) and traumatic injury (vibratome cutting), it is possible that ischemia and traumatic injury both contribute to the striking difference in adenosine concentration ex vivo versus in vivo.
Our study highlights the necessity for careful analysis of the cell specificity of transgene expression in conditional mouse models. Although the study from the Brenner group questioned the astrocytic specificity of their own promoter in 2004, Ͼ200 studies have since been published based on conditional manipulation of genes driven by the GFAP promoter without the detailed analysis of the cell specificity (Brenner et al., 1994; Zhuo et al., 2001; Su et al., 2004) . Neuronal expression of target genes/proteins may also be found in other adult transgenic mice using the GFAP promoter, especially when it is combined with the "TetOff" system. In fact, our analysis showed that another transgenic mouse line, GFAP-tTA:tetO-Ro1, also displayed leaky neuronal expression of Ro1 at the protein level (Fig. 3F ) . Because the specificity of the GFAP promoter may vary in different founders and in different transgenic systems, our findings suggest that the detailed evaluation of each transgenic mouse using the GFAP promoter may be necessary to ensure the desired expression profile. The leakiness will likely depend on the site of integration in each founder line. For example, if the GFAP promoter integrates in a locus that is highly active in neurons, the probability of leaky expression will be higher than in another mouse with integration in a quiet locus. In principle, the lack of astrocytic specificity of the GFAP promoter questions the conclusion of all earlier re-ports. The leakiness of the GFAP promoter may, however, have especially pronounced effects in the dnSNARE mice, because VAMP2 is primarily expressed by neurons (Fig. 3 A, B) and furthermore plays a critical role in synaptic transmission in forebrain (Schoch et al., 2001 ). Our analysis clearly showed that dnSNARE was expressed in cortical neurons (32% of that in glial population; Fig. 2D ) and that neuronal dnSNARE expression was sensitive to doxycycline (Off-Dox versus On-Dox comparison in Fig. 2H ). Moreover, tTA was also expressed by neurons under the control of the GFAP promoter in dnSNARE mice (Fig. 2E) . These results show that the GFAP promoter induced the dnSNARE expression in neurons via a "Tet-Off" system. Recent studies have proposed the use of other astrocyte-specific promoters including the sodium-dependent glutamate/aspartate transporter GLAST, connexin 30, and the aldehyde dehydrogenase 1 family member L1 ALDH1L1 (Slezak et al., 2007; Cahoy et al., 2008) , which are more stably expressed by astrocytes in adult brain compared with GFAP (Söhl et al., 2000) and overcomes the typical problem of low transgene expression levels in astrocytes in cerebral cortex with GFAP promoter (Palfreyman et al., 1979; Jany et al., 2013) . Another important aspect is the broad basal leaky expression of dnSNARE found in the mice that are negative for GFAPtTA gene and only positive for tetO-dnSNARE gene, in which dnSNARE expression should not be induced because of the lack of tTA (Fig. 3E ). This conclusion is consistent with prior reports demonstrating that early generations of tetracyclinetransregulatable systems, including the "Tet-Off" system, were plagued by high basal leakiness, unpredictable transgene expression, and loss of regulation (Agha-Mohammadi et al., 2004; Liu et al., 2008; Nishijima et al., 2009 ). Subsequent modifications attenuated leakiness by incorporating tetracycline-controlled transcriptional silencers (Zhu et al., 2002) and the use of these improved systems may be required for generating future inducible transgenic mice lines.
Combined, our analysis provided no evidence for the concept that astrocytes regulate neuronal activity and the sleep-wake cycle by exocytotic release of purines. In fact, collection of the interstitial fluid using microdialysis showed that the extracellular concentration of adenosine in dnSNARE mice in vivo did not differ from controls. These observations add critical additional evidence against the concept of regulated exocytotic gliotransmitter release in the adult brain (Lovatt et al., 2012; Nedergaard and Verkhratsky, 2012; Sun et al., 2013) . Future studies must overcome methodological and developmental issues to establish the complex roles of astrocytes in higher cognitive functions in the adult brain.
